INTRODUCTION
The 25 April 2015 M w 7.9 Gorkha, Nepal, earthquake resulted in over 8000 fatalities and tens of thousands of injuries, and it left about half a million homeless. The Gorkha earthquake occurred in the Himalayan thrust fault system, the main boundary interface between the subducting Indian plate and the overriding Eurasian plate to the north. The Himalayan thrust fault (HTF) system is composed of the main frontal thrust, main boundary thrust, and main central thrust faults (Bollinger et al., 2006) . The Gorkha earthquake was followed by many large aftershocks, the largest of which was the M w 7.3 Kodari, Nepal, earthquake on 12 May 2015 to the east of the main Gorkha earthquake.
Prior to the Gorkha earthquake, the most recent significant earthquakes on the HTF were the 1905 M w 7.8 Kangra and 1934 M w 8:0-∼ 8:4 Nepal-Bihar earthquakes, at the western end of the Himalayan thrust system and to the east of the Gorkha earthquake, respectively (e.g., Bilham et al., 2001; Bollinger et al., 2006; Sapkota et al., 2013) . There had been a lack of major earthquakes for over 100 years, despite the fast convergence rate of ∼20 mm=yr, indicating that large portions of the HTF were seismic gaps, capable of hosting earthquakes with magnitude 8 or higher (Bilham et al., 1997 (Bilham et al., , 2001 Bilham and Ambraseys, 2005) . It is also noteworthy that many of the large earthquakes on the HTF were blind, including the recent Gorkha earthquake; however, surface ruptures from the 1934 Nepal-Bihar earthquake were documented by Sapkota et al. (2013) , who suggested that many of the past large HTF earthquakes might have caused some surface rupture.
The Gorkha and Kodari earthquakes, being the first major earthquakes on the HTF in the modern instrumental era, present an opportunity to investigate the seismogenic nature of the HTF. We use both seismic and geodetic data to determine models of coseismic slip during the Gorkha and Kodari earthquakes. We use broadband teleseismic data, which are sensitive to the spatiotemporal pattern of slip in large earthquakes. For geodetic data, we use both Interferometric Synthetic Aperture Radar (InSAR) and Global Positioning System (GPS) measurements of coseismic ground offsets. We use the geodetic data to provide constraints on the cumulative fault slip during the earthquake. Geodetic data have high sensitivity to the spatial distribution of slip and complement the teleseismic data. We jointly invert the seismic and geodetic data to determine robust slip models of the Gorkha and Kodari earthquakes. We first describe the data and inversion strategy, and then we describe the features of the obtained slip models. Finally, we discuss the relationship between the mainshock and its largest aftershock, ramifications of coulomb stress changes on the HTF due to the Gorkha earthquake, indications of barrier-like behavior of the HTF, and potential implications for future earthquakes on the HTF.
DATA AND SLIP INVERSION STRATEGY
We use broadband seismograms recorded at teleseismic distances (30°≤ Δ ≤ 90°) obtained from the Incorporated Research Institutions in Seismology (IRIS). In total, we selected 20 P waveforms and 11 SH waveforms for the Gorkha event and 18 P waveforms and 12 SH waveforms for the Kodari earthquake, with wide azimuthal coverage around the source and good signal-to-noise ratios (Ⓔ Fig. S1 , available in the electronic supplement to this article). For the Gorkha event, we consider the first 110 s of the P-wave coda and the first 150 s of the SH coda; and, for the Kodari earthquake, we consider the first 65 s of the P-wave coda and the first 85 s of the SH coda. The waveforms are deconvolved from the instrument responses, integrated once to obtain ground displacement, and band-pass filtered in the 0.8-0.01 Hz range for P waveforms and 0.4-0.01 Hz for SH waveforms. We use the vertical component for P waves and two horizontal components for SH waves. We use the teleseismic data to constrain the spatiotemporal pattern of slip in both the Gorkha and Kodari earthquakes.
We use geodetic measurements of coseismic ground offsets in the Gorkha and Kodari earthquakes that were rapidly disseminated to the scientific community by the European Space Agency's (ESA) InSARap program, Lindsey et al. (2015) , and the Advanced Rapid Imaging and Analysis (ARIA) Center for Natural Hazards supported by the National Aeronautics and Space Administration (NASA) Jet Propulsion Laboratory (JPL) and the California Institute of Technology. For measurements of surface offsets during the Gorkha earthquake, we use two InSAR interferograms ( Fig. 1) and GPS measurements of static coseismic ground displacements. The first interferogram was processed by InSARap using Synthetic Aperture Radar (SAR) data acquired on 17 April and 29 April 2015 by the Sentinel-1 satellite. The second interferogram is from Lindsey et al. (2015) and was formed from SAR data acquired on 22 February and 3 May 2015 from the Advanced Land Observation Satellite-2 (ALOS-2) on descending orbits. We use one interferogram of the Kodari coseismic surface displace- ments produced by Lindsey et al. (2015) , using ALOS-2 acquisitions on 3 May and 17 May 2015 (Ⓔ Fig. S7 ). These interferograms include surface deformation due to interseismic deformation prior to the earthquakes, as well as four and eight days of postseismic deformation following the Gorkha earthquake and five days of postseismic deformation following the Kodari earthquake. We assume that both the interseismic and postseismic deformation over these short periods are negligible compared with the coseismic offsets and interpret the interferograms as records of only the coseismic deformation. We use measurements of static coseismic ground offsets from 10 three-component GPS stations, which were released five days following the Gorkha earthquake by ARIA. The geodetic measurements provide independent constraints on the cumulative coseismic slip, and these near-field measurements are more sensitive to the absolute location of cumulative coseismic slip than seismic data (e.g., Zhang et al., 2012) .
To reduce the quantity of InSAR data, we first uniformly downsampled to reduce the interferograms to hundreds of thousands of line-of-sight (LOS) measurements. We then use quadtree decomposition to further downsample to ∼1700 LOS measurements in total for the two interferograms of the Gorkha earthquake and ∼900 LOS measurements for the one interferogram of the Kodari earthquake. There is an unknown offset in LOS displacements associated with each of the interferograms, arising from the ambiguity in absolute displacement in interferometric data (Bürgmann et al., 2000) . To account for this ambiguity, we include an offset for each of the InSAR interferograms, which are free parameters in the inversion.
We follow the inversion approach of Delouis et al. (2002) , which applies a multitime window inversion scheme and simulated annealing algorithm to explore the model space. In this approach, both the normalized root mean square misfit to the data and the total seismic moment are minimized, in which the moment minimization is down weighted relative to the data misfit in the total cost function. Minimization of the moment is imposed, because the moment is often overestimated in this method (Delouis et al., 2002) . The total cost function that is minimized is E Q -T A R G E T ; t e m p : i n t r a l i n k -; ; 4 0 ; 2 7 7
in which W SAR , W TELE , and W GPS are the weight of InSAR, teleseismic, and GPS data, respectively. M 0−cal and M 0 are the computed seismic moment from our inversion and the moment from Global Centroid Moment Tensor inversion, respectively, and C min M 0 is a factor weighting the moment minimization. Through several preliminary inversions, we determined that C min M 0 0:1 was sufficient. We tested a 50% higher weights of the data sets relative to the others but found no significant change in the slip model. In the optimal joint inversion, we assign equal weights to the teleseismic and InSAR measurements and down weight the GPS measurements by a factor of 2. The down weighting of the GPS measurements is motivated by the fact that the GPS stations are relatively sparse, with many sites farther from the Gorkha earthquake relative to the InSAR measurements (Fig. 3) . We note that variations of the weight of moment minimization constraint and of the data weights in the inversion will change the final slip distribution, although we find that varying the weights, within ranges that do not substantially degrade the total data fits we obtain below, does not significantly change the main features of our preferred model. The source fault is represented by a discontinuity in an elastic half-space (Olson and Aspel, 1982; Okada, 1985) , with 10°dip and discretized along strike and dip in 15 × 15 km 2 subfaults for the Gorkha slip model and 7:5 × 7:5 km 2 subfaults for the Kodari model. The source time function of each subfault is represented by three mutually overlapping isosceles triangular functions with 4 s half-duration. To regularize the inversion, we constrain the allowable slip rake in each subfault within 40°-140°(where 90°is pure thrust slip). We also consider a large range of rupture velocities, from 1.0 to 3:8 km=s. Figure 2 shows the cumulative slip distribution determined for the Gorkha and Kodari earthquakes determined from InSAR, GPS (only for the Gorkha earthquake), and teleseismic data inversion separately, as well as the cumulative slip determined from a joint inversion of the available geodetic and seismic data for each earthquake. Using only the two interferograms that captured coseismic offsets during the Gorkha earthquake, the majority of the inferred Gorkha slip is slightly up-dip and to the southeast of the hypocenter, with a smaller patch of slip slightly down-dip of the epicenter. Because of the limited GPS measurements of coseismic offsets in the Gorkha earthquake, the GPS data are least sensitive to the details of the fault slip. Hence, using GPS data alone we find a large patch of uniform slip to the southeast of the Gorkha hypocenter. Using the teleseismic data only, we find a larger, more diffuse region of slip also to the southeast of the hypocenter and broadly at the same down-dip depth of the hypocenter. Inverting the InSAR, GPS, or teleseismic data separately, the seismic moment (M w ) is 6:5 × 10 21 N·m (7.8), 5:0 × 10 21 N·m (7.8), or 7:6 × 10 21 N· m (7.9), respectively, assuming a shear modulus of 30 GPa.
SLIP MODELS
Using all of the data in a joint inversion for slip in the Gorkha earthquake, we find two slip patches to the southeast of the hypocenter (Figs. 2d and 3) . The largest slip patch is slightly up-dip of the hypocenter, in the depth range of ∼5-15 km below the surface, with slightly oblique thrust slip. The second slip patch is slightly down-dip of the hypocenter, in the depth range of ∼17-20 km below the surface. The maximum slip in the up-dip patch is 4.5 m, whereas it is just ∼3 m in the down-dip patch. The total moment of our joint Gorkha slip model is 8:0 × 10 20 N·m, equivalent to a moment magnitude of M w 7.9. The distribution of the Gorkha slip is driven by the near-field InSAR constraints to a large degree; however, Although the geodetic data are only sensitive to the cumulative slip, the teleseismic data is sensitive to the temporal evolution of the slip. Figure 4 shows the slip in our preferred joint model during 15 s increments. We find the rupture propagated unilaterally to the southeast along the HTF, with slip separating into the two patches within the first 15 s of the earthquake. Slip in the up-dip patch continued to propagate along the HTF east of the epicenter but left a region of the fault with little resolved slip. Slip in both the down-dip and up-dip patches tapered out by ∼50 s. After 50 s, there is halo of cumulative slip surrounding an isolated region of slip deficit within the updip patch (Fig. 5a) . After a relative quiescence of slip between ∼45 and 60 s, with the moment release decreasing to negligible amounts at ∼50 s after the initiation, there is a second burst of slip in the up-dip patch, including slip that fills in the slip deficit left by the initial slip. This second burst of slip reaches peak moment release at ∼65-70 s after initiation of the Gorkha earthquake and begins to taper off at ∼80 s, as can be seen in the resolved moment rate function (Fig. 2) . In sum, 65.5% of the total moment released in the Gorkha earthquake occurred in the first 50 s, with the remaining 35.5% occurring after 50 s.
We consider only one interferogram of coseismic surface offsets in the Kodari earthquake from Lindsey et al. (2015) , as well as teleseismic data. Similar to when the InSAR or teleseismic data are inverted separately for slip in the Gorkha earthquake, the inferred slip in the Kodari earthquake, constrained only by the InSAR data, is more compact and with larger magnitude slip than that when only the teleseismic data are used (Fig. 2) . However, in contrast to the differences in inferred Gorkha slip using different data, the inferred slip in the Kodari earthquake using InSAR or teleseismic data alone, or jointly, is much more similar. Using both the InSAR and teleseismic data, the inferred slip in the Kodari earthquake is localized to one patch, which extends up-dip and to the southeast of the hypocenter. The largest slip is in the depth range between ∼15 and 17 km below the surface and to the southeast of the slip in the Gorkha earthquake (Fig. 3) . In the first 5 s of the Kodari earthquake, slip is only inferred around the hypocenter (Ⓔ Fig. S5 ). Then in the following 10 s, the rupture propagates up-dip and to the southeast, with negligible slip following 15 s after the initiation of the earthquake (Ⓔ Fig. S5 ). (Model fits to the teleseismic and geodetic data are shown in Ⓔ  Figs. S6-S8 .) The maximum slip in the Kodari earthquake is 4.5 m, the same (to one significant digit) as the maximum slip in the Gorkha earthquake.
DISCUSSION
Using the preferred slip models constrained by all of the available data, the inferred slip in the Kodari earthquake is to the southeast and down-dip of the largest patch of slip in the Gorkha earthquake (Figs. 2 and 3 ). There is a 20-30 km gap between the regions of slip in the Gorkha and Kodari earthquakes (an ∼20 km gap with total slip in the Gorkha and Kodari earthquakes below 1 m, and an ∼30 km gap with total slip below 2 m). This gap of slip is required by the teleseismic data; and, when the slip is only constrained by the InSAR data, the slip in the Kodari earthquake is closer to the slip in the Gorkha earthquake (Fig. 2) .
A large number of aftershocks with epicenters within the low slip gap between the Gorkha and Kodari earthquakes were recorded by the National Seismological Centre of Nepal, including a magnitude 6.3 ∼30 min after the Kodari earthquake (Fig. 3) . Although there is no universal relation between aftershocks and earthquake slip, aftershocks often cluster at the edge of coseismic slip (e.g., Das and Henry, 2003) . Aftershocks also generally occur in regions of positive coulomb stress change (CSC; King et al., 1994) . Figure 5 shows maximum CSC in rake directions of 85°-115°, roughly the rake directions of slip > 1 m in our coseismic models, on the planar HTF geometry we use for the Gorkha and Kodari slip models. We use a coefficient of friction of 0.4, which is consistent with friction determined on fault core samples (e.g., Kuo et al., 2014) . In Figure 5 , we show both the CSC due to the cumulative slip in the first 50 s of the Gorkha earthquake on the region that slipped in the following 70 s, as well as the CSC due to the total Gorkha slip on the region of the HTF that slipped in the Kodari earthquake.
The CSC on the HTF due to the slip in the Gorkha earthquake in the region of significant slip in the Kodari earthquake is almost entirely positive and is up to 8 bars in a thrust to the oblique direction (Fig. 5b) . However, it is worth noting that the Gorkha CSC to the northwest of the Kodari slip patch is negative, and we do resolve some Kodari slip in this region (Fig. 5b) . Although the CSC results are consistent with the fact that HTF failure in the vicinity of the Kodari earthquake was hastened by the Gorkha earthquake, there are several regions of the HTF that did not slip with CSC > 0. Indeed, the Gorkha CSC is over 10 bars in parts of the gap between the Gorkha and Kodari slip patches (Fig. 5b) . Although there have been several aftershocks within this gap, aftershocks do not uniformly fill in this region, and the cumulative moment of the aftershocks to date is insufficient to fill in the moment deficit.
There are two main regions of negligible slip between the Gorkha and Kodari patches of large slip (Figs. 3 and 5b) . In our preferred joint model of the Gorkha earthquake, there is also a region of coseismic slip deficit immediately southeast of the epicenter and northeast of Kathmandu (Fig. 3) . These regions may indicate either a stronger region of the fault limiting coseismic slip (a seismic barrier; Das and Aki, 1977) , or an aseismic region of the fault (a region between two asperities; Kanamori and Stewart, 1976) . In the latter case, another large earthquake on the HTF would not be expected in this region. Bilham and Ambraseys (2005) argued that there was enough moment deficit for up to four earthquakes larger than 8.5 across the HTF arc. (The Gorkha and Kodari earthquakes only released ∼14% of the moment of a single magnitude 8.5 earthquake.) It is important to bear in mind that the estimates of moment deficit were done on the basis of geodetic data prior to the most recent HTF earthquakes and several decades after the prior major HTF earthquakes (e.g., Bilham et al., 1997 Bilham et al., , 2001 Bilham and Ambraseys, 2005) . Small aseismic regions of a fault between larger seismogenic asperities that have not recently ruptured can appear to be locked geodetically due to suppressed slip in these aseismic regions from stress shadowing of the nearby locked asperities .
The second possibility is that the regions of the HTF with low to negligible slip in the Gorkha and Kodari earthquakes were regions that acted as barriers to the most recent earthquakes. In that case, future earthquakes could be expected in these regions of the HTF. The ∼30 km gap south of the Kodari epicenter and immediately between the main slip patches of the Gorkha and Kodari earthquakes could produce an earthquake with magnitude up to 7.5, if the entire gap were to rupture and fill in the deficit of coseismic slip. The region of no slip to the northeast and northwest of Kathmandu has enough coseismic slip deficit to host earthquakes almost as large as magnitude 8. Hence, if these regions of the HTF have accumulated seismogenic stresses and acted as barriers to the slip in the most recent earthquakes, these areas are still at heightened risk of destructive earthquakes, potentially with larger magnitude than the Gorkha earthquake.
An interesting feature in our preferred spatiotemporal slip model of the Gorkha earthquake constrained by both geodetic and seismic data, is the delayed slip in the middle of a region of heighten slip (Fig. 4) . That small region of the HTF initially passed over by the Gorkha slip essentially acted as a barrier to the slip in the first ∼45 s but then proceeded to rupture after ∼60 s (Fig. 5a ). The CSC due to the cumulative slip in the first 50 s of the Gorkha earthquake in the region where slip was delayed is over 10 bars (Fig. 5a ), indicating the slip in this region was triggered by the earlier slip as would be expected. This delayed slip in the Gorkha earthquake is present even when we change the data weights in the inversion, although the finer details of slip are slightly different. In Ⓔ Figure S9 , we show the inferred slip in the Gorkha earthquake when the GPS data is not down weighted; and, not surprisingly, the temporal behavior of slip is similar, because the time dependence of slip is constrained by the teleseismic data. Page et al. (2005) demonstrated in frictional models that a small patch of fault that is stronger than the rest of the fault can indeed result in delayed slip in that region, as the region can act as a barrier initially but then fault due to the concentration of stresses. It is important to note that in their computational models, the delay was on the order of a second or less. Isolated regions of a fault that are aseismic (i.e., velocity strengthening), can act as barriers to coseismic slip yet may also rupture coseismically; however, when they rupture, they tend to do so with no delay in slip (Kaneko et al., 2010; Noda and Lapusta, 2013 ). The slip model of the 2008 M w 7.9 Wenchuan, China, earthquake determined by Zhang et al. (2012) indicated that a relatively large portion of the fault only slipped after the surrounding regions slipped (i.e., with the rupture front initially passing around that region), with a delay in slip on the order of 10 s. Similarly, Robinson et al. (2006) demonstrated that in the 2001 M w 8.4 Peru earthquake, the initial rupture propagated around a large barrier, which then ruptured ∼30 s after the initial phase of slip passed by.
CONCLUSIONS
We use both teleseismic broadband data from IRIS and geodetic data to determine the spatiotemporal slip during the 2015 M w 7.9 Gorkha, Nepal, earthquake and its largest aftershock, the M w 7.3 Kodari, Nepal, earthquake. We use InSAR and GPS measurements of coseismic ground offsets in the Gorkha and Kodari earthquakes, which were generously and rapidly disseminated to the scientific community by InSARap from ESA, the ARIA project from JPL/Caltech, and Lindsey et al. (2015) . Although the geodetic data are only sensitive to the cumulative slip in an earthquake, they provide important constraints on the spatial pattern of the coseismic slip.
We find that the rupture in the Gorkha earthquake propagated unilaterally to the southeast along the HTF, with slip separating into patches up-dip and down-dip of the hypocenter. Slip in the up-dip patch initially surrounded a region of the HTF that did not slip during the first ∼45 s but then starts to slip ∼60 s after the initiation of the Gorkha earthquake. The delayed slip in this region, which initially acted as a barrier to seismic slip, comprises 17.1% of the moment release in the Gorkha earthquake. There is a relative quiescence in moment release ∼50 s after initiation, and then it ramps back up, with the Gorkha earthquake taking ∼100 s. The inferred slip in the Kodari earthquake is localized to one patch, extending to the south and southeast from the hypocenter. The moment release in the Kodari earthquake decreases to negligible levels after ∼15 s. The maximum slip in both the Gorkha and Kodari earthquakes is 4.5 m.
There are several regions of the HTF with low to negligible slip in the recent Gorkha and Kodari earthquakes, including an ∼20 km gap between the two earthquakes. It is not possible to uniquely determine if these are regions in which future destructive earthquakes on the HTF can be expected (i.e., regions that acted as barriers in the most recent earthquakes but have accumulated seismogenic stresses) or regions in which the frictional properties of the HTF prohibit large earthquakes (i.e., regions between seismogenic asperities). The delayed slip in the Gorkha earthquake, indicating a region that initially acted as a barrier and then failed during the later phases of the Gorkha earthquake, suggests the regions of low seismic slip on the HTF may also be regions that acted as barriers during the most recent earthquakes. In that case, those regions may potentially rupture in the future, filling in the large moment deficit expected on the HTF (e.g., Bilham et al., 1997 Bilham et al., , 2001 Bilham and Ambraseys, 2005) , although in a piecemeal fashion as opposed to a few magnitude 8.5 earthquakes.
High-resolution geodetic monitoring of surface deformation during the postseismic time period will be able to resolve whether the low-slip regions are barriers or aseismic regions between asperities, as regions of the HTF with heightened afterslip are unlikely to host large earthquakes. We finally note that using near-field, strong-motion data will greatly increase the resolution of the spatiotemporal slip pattern.
DATA AND RESOURCES
The seismic and geodetic data we use are all open access and available from the sources that produced them. Sentinel-1 and Advanced Land Observation Satellite-2 Interferometric Synthetic Aperture Radar data are downloaded from http:// insarap.org/ and http://topex.ucsd.edu/nepal/ (last accessed May 2015), respectively, and Global Positioning System data are from http://aria.jpl.nasa.gov/ (last accessed May 2015). The final slip models are available from the authors. Aftershocks and focal mechanisms are from National Seismological Centre of Nepal (http://www.seismonepal.gov.np/index.php?linkId=104, last accessed July 2015) and U.S. Geological Survey (USGS) (http:// earthquake.usgs.gov/earthquakes/, last accessed May 2015), respectively. Figures are generated by Generic Mapping Tools (Wessel and Smith, 1998) .
